background: Congenital heart defects (CHDs) are the most common major malformations in newborns. In this study we examined the associations between the occurrence of CHDs in children and periconceptional occupational parental exposures to chemicals.
Introduction
Congenital heart defects (CHDs) constitute the largest group of congenital anomalies, accounting for nearly 30% of children with major congenital anomalies diagnosed prenatally or in infancy in Europe (Dolk et al., 2011) . The worldwide prevalence ranges from 6 to 8 per 1000 live births, and CHDs are associated with a high morbidity and mortality rate (Hoffman et al., 2004) . Risk factors, such as socioeconomic status, maternal infections (Morales-Suárez- Varela et al., 2010) and other environmental factors such as chemical exposure, have been associated with CHDs in epidemiological research (Jenkins et al., 2007) . Approximately 15% of CHDs can be attributed to known causes and 85% is related to interactions between subtle genetic variations and environmental exposures that interfere with embryonic cardiogenesis (Botto and Correa, 2003) .
Women constitute a substantial part of the labour force in Europe, and their participation is increasing, from 54% in 2002 to 58% in 2010 for women aged between 15 and 64 years (Eurostat, 2011) . With this increase in labour force participation, the likelihood that these women will be exposed to a variety of chemical, physical and psychological risk factors at work during pregnancy is also increased (Linos and Kirch, 2008) . Women in paid employment generally have better pregnancy outcomes than those without paid jobs (Jansen et al., 2010; Burdorf et al., 2011) . This is in contrast to women with a low sociooccupational status, which seemed to predispose to congenital anomalies of the respiratory, heart and circulatory systems (Varela et al., 2009) . Furthermore, certain work-related factors, such as exposure to chemicals (Mattison, 2010) , physically demanding work (Mozurkewich et al., 2000) and psychological job strain (Vrijkotte et al., 2009) , may adversely influence pregnancy outcome. Thus, hazardous workplace conditions may have adverse effects on pregnancy outcome but have also been related to birth defects in the offspring (Wigle et al., 2008) .
Occupational exposure to chemicals, especially during the periconceptional period, influences the reproductive system in both women and men and may lead to adverse health effects in children (Colborn et al., 1998) . Studies on occupational exposure to chemicals or endocrine-disrupting chemicals have shown associations with increased risks of congenital malformations, such as hypospadias and cryptorchidism, as well as a reduced sperm count (Duty et al., 2003; Pierik et al., 2004; Roeleveld and Bretveld, 2008; Bonde, 2010; Gabel et al., 2011; Morales-Suárez-Varela et al., 2011) . Studies on certain occupations, such as hairdresser and laboratory workers, showed little evidence for associations with congenital malformations (Magnusson et al., 2004; Wennborg et al., 2005; Zhu et al., 2006a,b) . A review by Thulstrup and Bonde (2006) concluded that there is limited evidence linking occupational exposures during pregnancy to birth defects. Epidemiological evidence of associations between occupational exposure to chemicals and CHDs is scarce and contradictory (Shaw et al., 1999; Loffredo et al., 2001; Shaw et al., 2003; Kuehl and Loffredo, 2006) . Prospective cohort studies on these associations are difficult because of the low prevalence of CHDs in the general population, requiring large sample sizes. Therefore, case-control studies with standardized post-natal data collection are the best alternative (van Driel et al., 2009) . Since biomonitoring of chemicals is expensive and often not available, the job exposure matrix (JEM) is a valuable tool for valid exposure assessment in studies on reproductive outcome after chemical exposure (Van Tongeren et al., 2002) . The aims of our study were (i) to study associations between CHDs and periconceptional parental occupational exposure to chemicals and (ii) to study whether chemical exposure is associated with different phenotypes of CHD.
Materials and Methods

Design and study population
The HAVEN study is a case -control family study, designed to investigate determinants in the pathogenesis and prevention of CHDs, and has been described in detail (Verkleij-Hagoort et al., 2006a,b; van Driel et al., 2009) . In summary, recruitment of case and control children took place between June 2003 and January 2010 and case children with CHD were enrolled with both parents from four university medical centres: the Erasmus Medical Centre in Rotterdam, Leiden University Medical Centre in Leiden, VU University Medical Centre in Amsterdam and Amsterdam Medical Centre, the Netherlands. Healthy control children and both parents were enrolled in collaboration with the child health care centres of 'Thuiszorg Nieuwe Waterweg Noord' in the large urban region of Rotterdam as part of the Western area of the Netherlands. Thus, the domain population comprised case-and control children born from 2002 onwards, all living in the Western area of the Netherlands. 74.7% of the responders in the case families and 61.4% of the responders of the control families participated in the present study. We did not have permission from the medical ethical committee to collect data on non-responders and those who did not want to participate.
Children with CHD diagnosed in the first 15 months after birth by paediatric cardiologists were identified from the hospital registry and invited to participate. Diagnoses were confirmed by echocardiography and/or cardiac catheterization and/or surgery. Healthy control children of a similar age to case children and without any major congenital malformation (ascertained in regular health checks by child physicians) and both parents were randomly selected from the medical records from child health centres and invited to participate. The age of the case and control children was matched based on frequencies within age categories. At the time of data collection, 15 months after delivery, case and control families visited the hospital for the standardized collection of information on general characteristics and outcomes. In the present study we included 424 case children with both parents and 480 control children with both parents resulting in a total of 904 sets of children and their parents. The cases and controls were not matched on characteristics other than age. The definition of CHD phenotypes was based on reported gene -environment interactions (Loffredo, 2000; Boot et al., 2004) 
Data collection
At the time of data collection, c. 15 months after the end of the index pregnancy, questionnaires were filled out by the mother and the father at home. During the hospital visit, the questionnaires were verified by a researcher. The periconceptional period was defined as 4 weeks prior to conception until 8 weeks after conception. The questionnaires requested information on parental age, height and weight, educational level, ethnicity, cigarette smoking, folic acid-, alcohol-and medication use, gender of the child and family history of CHDs. Ethnicity and educational level were classified according to the definitions of Statistics Netherlands (Statistics Netherlands, 1998) . A positive family history of CHDs was defined by one or more CHDs in the family of the mother or father in the third degree or closer. The maternal use of folic acid in the periconceptional period was defined as the daily use of at least 400-mg folic acid during the complete periconceptional period. Inconsistent users were classified as non-users. We defined cigarette-, alcohol-and medication use as any use during the periconceptional period. Standardized anthropometric measurements were performed, including maternal weight and height.
Geographic variation
As an individual's residence might be associated with occupational opportunities, area of residence by city, zip code and street name were collated into a measure of urban density, based on a method called 'area address density', a unit of measurement used by the Statistics Netherlands from 2003 onwards. Five degrees of urban density were distinguished, namely: (i) very high-density regions (.2500 addresses per square kilometre), (ii) high-density regions (1500-2500 addresses per square kilometre), (iii) moderate-density regions (1000 -1500 addresses per square kilometre), (iv) low-density regions (500-1000 addresses per square kilometre) and (v) very low-density regions (,500 addresses per square kilometre; Den Dulk et al., 1992).
Job exposure matrix
In the questionnaire work status and occupation were ascertained. Work status was based on a single question on current economic status, and subjects with paid employment were asked to fill out an open question providing a description of the job. We assessed occupational exposure to chemicals by applying a JEM, with a focus on endocrine-disrupting chemicals (Van Tongeren et al., 2002) . Job descriptions were coded into job titles by the Dutch Standard Classification of Occupations, and linked to the JEM, which was based on the judgement of occupational hygienists who estimated for particular jobs the likelihood of exposure to seven categories of chemicals, namely pesticides, polychlorinated compounds, phthalates, bisphenol A, alkylphenolic compounds, heavy metals and miscellaneous agents.
Exposure assessment by the JEM was blinded to the outcome and blinded to participants.
Six fathers were excluded from analysis because of incomplete answers on work status and job description. The JEM focuses on the most important chemicals with relevant exposures in the occupational setting. The occupational hygienists scored the probability of exposure to each chemical group for all job titles, in three levels: 'unlikely' (0), 'possible' (1) and 'probable' (2). For this study we collate Categories 1 and 2 into one category indicating the possible occurrence (yes/no) of exposure to chemicals. An overall classification of 'possible exposure to chemicals' was collated if one of the seven chemical exposure categories was scored as 'yes'. Different JEMs have been successfully used as a valuable tool for exposure assessment in epidemiological studies on the health risks of chemicals, with a focus on endocrine disruption (Vrijheid et al., 2003 Pierik et al., 2004 Burdorf et al., 2011; Snijder et al., 2011) . 
Statistical analysis
Results
A total of 424 case and 480 control children and both parents (excluding three fathers from both case and control groups) were included. The general characteristics of the study populations are shown in Table I . Cases showed a significantly lower birthweight after adjustment for gestational age, compared with control children. Case and control mothers were significantly different for ethnicity, parity, alcohol use and CHD in the family. The urban density was significantly different between the case and control families. k values for maternal exposure to phthalates and alkylphenolic compounds, and paternal exposure to polychlorinated compounds and phthalates, were 0.66 and 0.72, respectively. When we adjusted the association between paternal phthalate exposure and CHDs for exposure to polychlorinated compounds, the OR changed to 2.39 (95% CI: 1.12 -5.09; data not shown). Adjusted for paternal age, educational level, ethnicity and urban density. *Significant, P-value , 0.05. **P-value , 0.10 and .0.05. ***Significant after the Bonferroni correction, P-value , 0.008.
Discussion
This age-matched case -control study suggests that periconceptional occupational exposure of the father-to-be to chemicals, in particular phthalates, is associated with an increased occurrence of CHDs. Periconceptional maternal occupational exposure to chemicals overall or to specific chemicals was not associated with CHDs in the offspring.
Exposure assessment in this study was based on job title and activities, provided by fathers and mothers separately. The questionnaire focused on the periconceptional period, and although the questionnaire was filled out 15 months after child birth, the researcher verified every answer in a personnel interview. Job characteristics were available in 99.9% of the parents, because the work history in general is recalled quite easily. Recall bias is very unlikely, as we did not ask for specific exposures but only for a description of the job and, moreover, the JEM ensures that exposure is classified independently from the outcome, i.e. CHD, and is blinded to participants. A limitation of a JEM is that it does not account for variability within job titles. We tried to reduce the misclassification by assessing exposure based on both job title and description of the work tasks. The outcome of this matrix, however, must be interpreted cautiously as exposure probabilities are only a crude measure of exposure.
Little is known about potentially harmful environmental factors in the aetiology of CHDs. Several other studies investigated the associations between occupational hazards, including the exposure to chemicals, and specific phenotypes of congenital malformations or congenital malformations as a group (Thulstrup and Bonde, 2006; Bonde, 2010) . Some of these studies found indications for effects of chemicals on fetal development but the evidence remains equivocal. The evidence on CHDs in particular is scarce. The associations found in this study between the periconceptional paternal occupational exposure to chemicals and CHDs could possibly be linked to effects of these substances on semen quality. Several studies have shown the potential for preconception occupational exposure to chemical substances to reduce semen quality (Dallinga et al., 2002; Gupta et al., 2007) . Chemical exposure might disturb the epigenetic programming during maturation of the sperm cells, which may result in derangements in imprinted genes in particular in embryonic tissue, which may subsequently lead to birth defects (Anway et al., 2005; Anway and Skinner, 2008; Nafee et al., 2008) . Maternal occupational exposure to chemicals might be harmful during both maturation of the oocyte and embryogenesis. The exposure to pesticides and bisphenol-A have been shown to impair growth and development in laboratory animals and possibly in humans (Gomes et al., 2008; Braun and Hauser, 2011) .
In this case -control study we studied couples with a child with CHD at the time of data collection, at 15 months after the index pregnancy. This is considered a methodological strength of this study because this standardized data collection reduces misclassification in the selection of children with and without CHD. Parents of children who were diagnosed with a CHD in the first 15 months after birth were invited to participate, ensuring that the majority of children with CHD are included in our study, as most congenital malformations are diagnosed in the first year of life (Wren et al., 1999) . Potential misclassification of control children cannot be ruled out completely because although these children underwent regular physical examinations, including cardiac auscultation, they did not undergo Doppler echocardiography. Children who died because of the CHD before the age of 15 months are not included in the study population, which may have led to some selection in the severity of the included CHDs. Probably, this selection is not associated with exposure to chemicals, and when exposure would be associated with the severity of CHDs, the selection may have caused an underestimation of the observed effect estimates. The stratified analyses have to be interpreted with caution because of small numbers and multiple comparisons. After the Bonferroni correction, the association between phthalate exposure and CHDs remained significant but owing to the small numbers in the phenotype analyses, the association between phthalates and pVSD (P-value 0.005) is just above the Bonferroni corrected P-value of 0.002.
To study the effect of possible selective participation among cases and controls, we primarily looked at an educational level as a modifier of the observed associations between exposure and outcome. This analysis showed that education did not influence the observed associations. In addition, we observed that educational level was significantly associated with occupational exposure to chemicals, which was independent of case or control status. Therefore, we conclude that it is not very likely that selective participation confounded our results. The exposure to phthalates, polychlorinated compounds and alkylphenolic compounds in this study population was related to occupations such as painter, electrician, metalworker, woodworker and the agricultural and horticultural trades. As mothers and fathers working in a specific occupation can be exposed to multiple chemicals, we calculated the agreement between the different exposure categories. For mothers we found a good agreement between exposure to phthalates and alkylphenolic compounds (k ¼ 0.66), as mothers are likely exposed to both substances within similar jobs. For fathers we also observed a good agreement between exposure to polychlorinated compounds and phthalates (k ¼ 0.72). When we adjusted the association between paternal phthalate exposure and CHDs for exposure to polychlorinated compounds, the OR changed to 2.39 (95% CI: 1.12 -5.09). Owing to the interrelationship among these exposure groups, we had limited power to disentangle the specific role of phthalates and polychlorinated compounds in the observed occurrence of CHDs. Background exposure to various chemicals through diet and environment may also occur. However, it is unlikely that background exposure with a high prevalence is associated with occupational exposure with a low prevalence. Thus, background exposure will most likely not confound the relation between occupational chemical exposure and congenital anomalies. Furthermore, the level of exposure to chemicals within occupations is generally much higher than background exposure through diet and environment (Nieuwenhuijsen, 2003) . We did not assess background exposure, which may have contributed to unexplained variance in our outcome CHD, and therefore residual confounding cannot be completely ruled out.
Despite the fact that we recruited controls from the same source population in the Netherlands as the cases, we acknowledge that the area from which the cases were sampled is larger than the region from which the controls were sampled. However, based on the characteristics of both areas and populations it is unlikely that this has resulted in selection bias. We did observe differences between cases and controls regarding urban density and as the degree of urbanization is related to occupational opportunities, we corrected for the degree of urbanization to reduce any potential differences in sampling. There were no significant differences in occupational exposure to chemicals across the different centres for case recruitment.
While in the past 10 years our knowledge of genetic contributions to CHDs has increased (Pierpont et al., 2007) , only a minority can be attributed to heritable genetic defects (Loffredo et al., 2001) . A review by Kopf and Walker (2009) shows in animal studies that the developing cardiovascular system is sensitive to many environmental pollutants, such as dioxins, polychlorinated biphenyls and some pesticides. Reviews on the influence of parental occupational exposure on congenital malformations have identified a large number of potentially hazardous occupational exposures, most notably pesticides, organic solvents and heavy metals (Shi and Chia, 2001; Chia and Shi, 2002) . Previous studies in humans showed associations between maternal exposure to fungicides or organic solvents and TGA and HLHS in the offspring (Loffredo et al., 2001; Kuehl and Loffredo, 2006) . A study in Baltimore showed that the proportion of congenital malformations that could have been prevented by eliminating known environmental risk factors was small, suggesting that many other environmental risk factors remain unknown (Wilson et al., 1998) . In future studies additional measurements of exposures through biomarkers in human tissues and fluids is recommended to give more precise information on the level of exposure to certain chemicals and their potential consequences for CHDs (Wittassek et al., 2009; Woodruff et al., 2011) .
